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INTRODUCTION
Sustained exposure to stressful environments or psychological 
stress has been reported to trigger and exacerbate a number 
of skin disorders.1 Previous clinical studies have suggested 
that stress is a potential trigger for various types of hair loss, 
such as telogen effluvium, androgenetic alopecia, and female 
pattern hair loss.2,3 Chronic stress has been shown to exert a 
profound inhibitory effect on hair growth in a stress mouse 
model and in organ-cultured human scalp hair follicles.4,5 More-
over, a mouse model of alopecia areata and alopecic monkeys 
have been reported to have an increased hypothalamic-pitu-
itary-adrenal (HPA) axis tone centrally and peripherally in 
hair follicles.6,7 Stress-related neurohormones of the HPA axis, 
including corticotropin-releasing hormone, adrenocortico-
tropic hormone, and cortisol, play important roles in the stress 
response, and hair follicles appear to be a functional periph-
eral equivalent of the HPA axis.5 Glucocorticoids are major 
players in the adverse consequences of stress, and blockage of 
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Purpose: Glucocorticoids, stress-related hormones, inhibit hair growth. Intracellular glucocorticoid availability is regulated by 
11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1). 11β-HSD1 was recently detected in keratinocytes and fibroblasts. However, 
the expression of 11β-HSD1 in human hair follicles remains unknown. We aimed to examine 11β-HSD1 expression in human der-
mal papilla cells (DPCs) and to investigate whether modulation of 11β-HSD1 activity can regulate the negative effects of gluco-
corticoids on DPCs.
Materials and Methods: 11β-HSD1 expression in normal human scalp skin was examined by immunohistochemistry. 11β-HSD1 
protein was detected in Western blots of human DPCs. Cultured human DPCs were treated with cortisol with or without a selective 
11β-HSD1 inhibitor and subsequently stained for Ki-67 antibody. Expression levels of 11β-HSD1, Wnt5a, alkaline phosphatase 
(ALP), and vascular endothelial growth factor (VEGF) were analyzed by Western blotting.
Results: 11β-HSD1 was detected in dermal papilla in human scalp skin by immunohistochemistry. Human DPCs expressed 
11β-HSD1 protein in vitro. Furthermore, cortisol stimulated the expression of 11β-HSD1 in DPCs. Glucocorticoids decreased cel-
lular proliferation and the expression of Wnt5a, ALP, and VEGF in DPCs. A specific 11β-HSD1 inhibitor significantly attenuated the 
anti-proliferative effects of cortisol and reversed the cortisol-induced suppression of Wnt5a, ALP, and VEGF expression in DPCs.
Conclusion: Our data demonstrated the expression of 11β-HSD1 in human DPCs and revealed that inhibition of 11β-HSD1 activity 
can partially prevent the negative effect of glucocorticoids on DPCs, suggesting the possible application of 11β-HSD1 inhibitors 
for stress-related hair loss. 
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glucocorticoids action can reverse psychological stress- and 
exogenous glucocorticoids-induced skin structure and func-
tion defects.8,9 Previous in vivo experiments have demonstrated 
that dexamethasone induces hair follicle regression.10,11 More-
over, a recent study demonstrated that glucocorticoids inhibit 
the proliferation of dermal papilla cells (DPCs) by inducing 
cell cycle arrest and also suppress the expression of growth 
factors, which are important mediators of hair follicle growth 
in DPCs.12 Unlike circulating inactive glucocorticoids that 
bind to corticosteroid-binding globulins, intracellular gluco-
corticoids are converted to an inactive form or an active form 
by isoenzymes of 11β-hydroxysteroid dehydrogenase (11β-HSD) 
before they act on glucocorticoid receptor. 11β-HSD type 1 
(11β-HSD1) is predominantly a reductase that converts inactive 
cortisone to active cortisol, whereas 11β-HSD type 2 (11β-HSD2) 
catalyzes the reverse reaction.13 In addition to liver, lung, adi-
pose tissue, ovaries, and the central nervous system, 11β-HSD 
isoforms are also expressed in skin.14,15 11β-HSD1 is abun-
dantly expressed in keratinocytes, fibroblast, and sebocytes. In 
contrast, 11β-HSD2 is expressed in sweat glands, but not in ke-
ratinocytes.14 By prereceptor regulation of active cortisol level 
in tissues, 11β-HSD1 has been demonstrated to be involved in 
cell proliferation, wound healing, inflammation, and aging in 
skin.16 11β-HSD1 was detected in the outer root sheath (ORS) 
of hair follicles in mouse skin by immunohistochemical stain-
ing.14 However, the expression and localization of 11β-HSD1 
in the epidermal and dermal compartments of human hair fol-
licles have not been studied in detail. Dermal papilla are the 
major dermal compartments of the hair follicle and play an im-
portant role in the regulation of hair development, growth, and 
cycling.17 In this study, we investigated the expression and regu-
lation of 11β-HSD1 in human DPCs in vitro and in vivo. Addi-
tionally, we examined whether inhibition of 11β-HSD1 activity 
could modulate the inhibitory effects of glucocorticoids on 
the proliferation of DPCs and the expression of anagen follicle 




A total of 12 paraffin-embedded human scalp skin samples 
were obtained from patients undergoing excision for benign 
tumors of the scalp. For immunohistochemical staining, pri-
mary rabbit polyclonal anti-11β-HSD1 antibody (1:100 dilution, 
Abcam, Cambridge, UK) was reacted overnight at 4°C, and a 
horseradish peroxidase-conjugated secondary antibody was 
added to sections for 1 hour at room temperature. All sections 
were lightly counterstained with hematoxylin. This study was 
approved by the Institutional Review Board of Gangnam Sev-
erance Hospital, Yonsei University College of Medicine, Seoul, 
Korea, and all skin samples were obtained after receiving writ-
ten informed consent from the donors (IRB No. 3-2015-0034).
Cell culture and reagents
DPCs of human origin were purchased from PromoCell GmbH 
(Heidelberg, Germany) and maintained in PromoCell growth 
medium. Cells were incubated at 37°C in an atmosphere con-
taining 5% CO2. Cells from passages 2 or 3 were used in exper-
iments. DPCs were seeded in 100-mm culture dishes and pre-
incubated for 24 hours before treatment with test materials. 
Cortisol was purchased from Sigma Aldrich (H6909, St Louis, 
MI, USA). A selective inhibitor of 11β-HSD1, 385581, was ob-
tained from Merck (Darmstadt, Germany) and was dissolved 
in dimethyl sulfoxide (DMSO) and used at a final concentra-
tion of 0.1 μM (1:100000 dilution) in cell culture medium.
Immunofluorescence analysis of Ki-67 expression
Cultured DPCs grown on coverslips were fixed in 4% parafor-
maldehyde, and endogenous peroxidase activity was blocked 
by soaking the slides in 2% hydrogen peroxide for 10 min. After 
rinsing in Tris-buffered saline containing 0.1% bovine serum 
albumin, slides were incubated overnight at 4°C with anti-
Ki-67 antibody at a dilution of 1:100. After washing in phos-
phate-buffered saline (PBS), the specimens were incubated 
with fluorescein-conjugated secondary antibody (1:200) for 1 
hour. 4’,6’-diamidino-2-phenylindole (DAPI) was used for nu-
clear counterstaining. The number of Ki-67-expressing cells 
was determined by counting five non-overlapping high power 
fields (×200) captured by confocal microscopy in each group 
and expressed as a percentage of the total number of DAPI-
stained nuclei.
Western blot analysis
Treated DPCs were dissolved in PRO-PREPTM protein extrac-
tion solution (iNtRON Biotech, Seongnam, Korea). Total cell ly-
sates (30 μg) were separated on 10% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) gels and trans-
ferred to polyvinylidene difluoride (PVDF) membranes (Milli-
pore, Bedford, MA, USA) using Towbin buffer. Membranes were 
then blocked with 5% milk in TBS + 0.1% Tween-20 (Sigma 
Aldrich, Dorset, UK) and incubated with anti-11β-HSD1 anti-
body (1:500 dilution, Abcam), anti-vascular endothelial growth 
factor (VEGF) antibody (1:500 dilution, Abcam), anti-Wnt5a 
antibody (1:500 dilution, Abcam), or anti-alkaline phosphatase 
(ALP) antibody (1:500 dilution, Abcam) as primary antibodies 
and monoclonal glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) antibody (1:1000, Beyotime Institute of Biotechnol-
ogy, Nanjing, China) as a control. Blots were reacted with Im-
mobilon Western reagent (Millipore) and detected using an 
Amersham Hyperfilm electrochemiluminescence (ECL) assay 
(GE Healthcare, Buckinghamshire, UK). Signals were detected 
using the ECL Plus Western blotting detection system (Amersh-
am, Buckinghamshire, UK).
Statistical analysis
 Data are expressed as mean±SD. Either two-tailed Student’s 
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t tests or one-way ANOVA with Dunnett’s post tests were per-
formed using Graph Pad In Stat version 3.00 software (Graph 
Pad Software, San Diego, CA, USA).
RESULTS
Human scalp hair follicles express 11β-HSD1 protein 
in outer root sheaths, matrix keratinocytes, and 
dermal papilla
First, immunohistochemistry was performed to confirm that 
11β-HSD1 is expressed in human scalp skin and hair follicles. 
Consistent with previous studies, 11β-HSD1 was expressed in 
the interfollicular epidermis and ORS of hair follicles (Fig. 1A). 
Expression of 11β-HSD1 was also observed in the matrix kera-
tinocytes of the hair bulb and DPCs (Fig. 1).
Human DPCs express 11β-HSD1 protein in vitro and 
a glucocorticoid upregulates 11β-HSD1 protein 
expression in cultured human DPCs
11β-HSD1 antibody recognized a single band of approximate-
ly 38 kDa in lysates of cultured human DPCs by Western blot, 
indicating the expression of 11β-HSD1 protein by cultured hu-
man DPCs (Fig. 2). Glucocorticoids have been shown to mod-
Fig. 1. Expression of 11β-HSD1 in human scalp hair follicles by immunohistochemistry. 11β-HSD1 immunoreactivity was found in ORS keratinocytes 
(A), MK, and the DP in human scalp hair follicles (B-E) in situ. 11β-HSD1, 11β-hydroxysteroid dehydrogenase type 1; ORS, outer root sheath; MK, ma-
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ulate 11β-HSD1 expression in various cell lines and tissues; 
therefore, we examined the effect of a glucocorticoid on the ex-
pression of 11β-HSD1 in cultured human DPCs. Treatment of 
cultured DPCs with 10-8 M cortisol for 24 and 48 hours had no 
significant effect on the expression of 11β-HSD1. However, 10-7 
M cortisol stimulation for 24 hours induced a 1.7±2.5-fold sig-
nificant increase in 11β-HSD1 protein expression, compared 
with unstimulated cells (Fig. 2).
Inhibition of 11β-HSD1 by a selective inhibitor 
partially reverses the glucocorticoid-induced 
decrease in the proliferation of human DPCs
A recent study showed that glucocorticoids inhibit the prolifer-
ation of DPCs through cell cycle arrest. Consistent with this pre-
vious report, treatment of cultured human DPCs with cortisol 
for 48 hours inhibited cellular proliferation as determined by 
Ki-67 staining. To investigate whether prereceptor regulation 
of glucocorticoid action by 11β-HSD1 inhibition could modu-
late the ability of cortisol to inhibit proliferation of DPCs, hu-
man DPCs were treated with 10-7 M cortisol for 48 hours with 
or without pretreatment with 100 nmol L-1 of a selective inhib-
itor of 11β-HSD1, and then cellular proliferation was assessed 
by Ki-67 staining. As shown in Fig. 3, 11β-HSD1 inhibitor pre-
treatment significantly reversed glucocorticoid inhibition of 
DPC proliferation. 11β-HSD1 inhibitor alone treatment had 


































Fig. 2. Western blot analysis of 11β-HSD1 expression in unstimulated and cortisol-stimulated human DPCs. Bars show the results of densitometric 
analysis of the 11β-HSD1 protein band relative to the corresponding GAPDH protein band. Results are presented as mean±SD. *p<0.05. 11β-HSD1, 
11β-hydroxysteroid dehydrogenase type 1; DPC, dermal papilla cells; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
Fig. 3. The effect of a selective 11β-HSD1 inhibitor on the proliferation of cortisol-stimulated human DPCs. (A) Human DPCs were treated with 10-7 M 
cortisol for 48 hours with or without 30 min pretreatment with 385581 (100 nmol L-1), and immunofluorescent staining was performed with anti-Ki-67 
antibody. Nuclei were counterstained with DAPI (Scale bar, 200 μm). (B) The percentage of Ki-67-positive human DPCs (green fluorescence in nuclei) 
under at least five high power fields in each slide was counted, and statistical analysis was performed using a pair test. Results are presented as 
mean±SD. *p<0.05, †p<0.01. 11β-HSD1, 11β-hydroxysteroid dehydrogenase type 1; DPC, dermal papilla cells; DAPI, 4’,6’-diamidino-2-phenylindole.
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A selective 11β-HSD1 inhibitor attenuates 
glucocorticoid-induced inhibition of dermal papilla 
markers and growth factor expression in DPCs
Because DPCs play a critical role in control of hair growth and 
cycling, we next investigated whether inhibition of 11β-HSD1 
could modulate the effect of glucocorticoids on the expres-
sion of dermal papilla anagen markers and growth factor, which 
is important in hair growth in DPCs, by Western blotting. Treat-
ment of DPCs with 10-7 M cortisol for 48 hours strongly re-
duced the expression of dermal papilla anagen markers Wnt5a 
and ALP. In addition, in agreement with a previous report, cor-
tisol stimulation of DPCs for 48 hours downregulated VEGF 
expression. To assess the involvement of 11β-HSD1 in the corti-
sol-induced decrease in expression of dermal papilla anagen 
markers and growth factor, we examined the effect of an 11β- 
HSD1 inhibitor. Fig. 4 shows that the addition of 100 nmol L-1 
11β-HSD1 inhibitor to the culture media 30 minutes prior to 
cortisol treatment significantly attenuated the cortisol-induced 
downregulation of Wnt5a, ALP, and VEGF expression in DPCs. 
11β-HSD1 inhibitor alone did not affect the expression of Wn-
t5a, ALP, and VEGF in DPCs.
DISCUSSION
Glucocorticoids have been reported to exert deleterious ef-
fects on the growth of hair follicles and hair cycling,5,10,11 sug-
gesting that glucocorticoids have a role in stress-associated 
hair loss. However, the expression and functional role of the 
cortisol-activating enzyme 11β-HSD1 in human hair follicles 
have not yet been elucidated. Here, we first demonstrated that 
11β-HSD1 is expressed in human DPCs both in situ and in vitro 
at the protein level. 11β-HSD1 was also detected in ORS and 
hair matrix cells in the bulb of the hair follicle in our immuno-
histochemistry analysis of human scalp samples. These re-
sults confirm that 11β-HSD1 is expressed in both epithelial and 
dermal compartments of human hair follicles, as well as epi-
dermal keratinocytes and dermal fibroblasts. 
Previous studies have demonstrated that 11β-HSD1 is upreg-
ulated in human dermal fibroblasts and human immortalized 
SZ95 sebocytes by glucocorticoid treatment,14,15 indicating a 
positive feedback loop between the induction of 11β-HSD1 
and the glucocorticoid receptor cycle in skin cells. Consistent 
with these previous studies, we demonstrated that 10-7 M cor-
tisol treatment of DPCs for 24 hours significantly increased 
11β-HSD1 protein expression. Based on a recent study that 
showed glucocorticoid receptor expression by human DPCs 
and our data, we hypothesize that DPCs are not only the target 
cells for glucocorticoids, but also metabolize and synthesize 
the active forms of glucocorticoids via the presence of 11β- 
HSD1.
DPCs are specialized mesenchymal cells in hair follicles that 
play a critical role in hair follicle morphogenesis, hair growth, 
and cycling via communication with the epithelial compo-
nents.17 Previous studies have demonstrated that glucocorti-
coids decrease the proliferation of DPCs and the expression of 
growth factors for hair growth, such as VEGF and hepatocyte 
growth factor, and inhibit local insulin-like growth factor 1 
availability in cultured DPCs.12,18,19 We also confirmed the in-
hibitory effect of cortisol on the proliferation of DPCs and ex-
pression of VEGF. Our study further revealed that cortisol sup-
pressed the expression of dermal papilla biomarkers involved 
in the maintenance of human dermal papilla properties, in-
cluding Wnt5a and ALP. ALP is a ubiquitous dermal papilla 
marker. Wnt5a, a non-canonical Wnt family member, is ex-
pressed specifically in dermal papillae during early skin de-
velopment.20,21 A recent study showed that, in mouse vibrissa 
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Fig. 4. The effect of a selective 11β-HSD1 inhibitor on the expression of Wnt5a, ALP, and VEGF in cortisol-stimulated human DPCs. Human DPCs were 
pre-treated with 100 nmol L-1 11β-HSD1 inhibitor for 30 minutes and stimulated with 10-7 M cortisol for 48 hours. (A) After stimulation, the expression of 
Wnt5a, ALP, and VEGF was analyzed by Western blot. (B) Bars show the results of densitometric analysis relative to the corresponding GAPDH pro-
tein band. Results are presented as mean±SD. *p<0.05, †p<0.01. 11β-HSD1, 11β-hydroxysteroid dehydrogenase type 1; ALP, alkaline phosphatase; 
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phase and diminished after the mid-anagen phase.22 It was also 
found that the hair inductivity of cultured DPCs and the expres-
sion of ALP decreased after passages in the same manner.22,23 
These findings suggest that ALP is an indicator of hair induc-
tivity and a marker of the early anagen phase in DPCs. Wnt5a 
in DPCs is important for the regulation of hair cycling and 
growth and maintenance of hair follicle-inductive properties, 
suggesting that Wnt5a plays an important role in maintaining 
the intrinsic properties of DPCs.24 Taken together, our results 
indicate that glucocorticoids not only inhibit the proliferation 
of DPCs, but also affect dermal papilla properties and can 
promote the transition of hair follicles from anagen to telogen 
phase. These findings are in agreement with a previous study 
that used a murine model to demonstrate that dexamethasone 
can induce the catagen phase in murine hair follicles.10 
In addition to circulating glucocorticoid levels, the action of 
glucocorticoids at the cellular level is important. Tissue-spe-
cific metabolism of glucocorticoids by 11β-HSD1 is critical in 
regulating the development of the adverse effects associated 
with glucocorticoids. Therefore, targeting 11β-HSD1 can offer 
a new strategy to control the conditions associated with ex-
cess glucocorticoids. 11β-HSD1 is highly expressed in meta-
bolic tissues, and selective 11β-HSD1 inhibitors have been de-
veloped to control various metabolic features and tested in 
phase II studies for iatrogenic Cushing’s disease and idiopathic 
intracranial hypertension.25,26 Recently, inhibition of 11β-HSD1 
was demonstrated to prevent age-related skin changes and to 
reverse stress- and glucocorticoid-induced delays in cutaneous 
wound healing.27 In this study, we demonstrated that 11β-HSD1 
in DPCs plays an important role in modulating glucocorticoid 
action in DPCs. Pharmacological inhibition of 11β-HSD1 by a 
selective inhibitor significantly attenuated the glucocorticoid-
induced inhibition of proliferative activity and reduced VEGF 
expression in DPCs. Moreover, we observed that the selective 
11β -HSD1 inhibitor attenuated the cortisol-induced decrease 
in expression of the dermal papilla biomarkers Wnt5a and ALP 
in DPCs. These findings suggest that blockage of 11β-HSD1 ac-
tivity in DPCs can partially restore the glucocorticoid-induced 
impairment of dermal papilla properties. Further studies are 
needed to confirm whether the inhibition of 11β-HSD1 can re-
store the function of DPCs when exposed to glucocorticoids 
in vivo.
In conclusion, we have shown an inhibitory effect of gluco-
corticoids on the proliferation and the expression of dermal 
papilla biomarkers, Wnt5a and ALP, and VEGF in cultured hu-
man DPCs. We also demonstrated a functional expression of 
11β-HSD1 and its regulation by cortisol in DPCs. Our data also 
showed that inhibition of 11β-HSD1 can partially prevent glu-
cocorticoid-induced suppression of proliferation, growth fac-
tor expression, and the expression of dermal papilla markers in 
cultured DPCs. Taken together, these results provide insights 
into the mechanisms underlying chronic stress-related hair 
loss and suggest that 11β-HSD1 inhibitors can potentially be 
used to prevent stress-related hair loss.
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